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ABSTRACT
We model the velocity dispersion of the ultra-diffuse galaxy NGC
1052-DF2 using Newtonian gravity and modified gravity (MOG). The
velocity dispersion predicted by MOG is higher than the Newtonian
gravity prediction, but it is fully consistent with the observed velocity
dispersion that is obtained from the motion of 10 globular clusters
(GCs).
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1 INTRODUCTION
Observations of groups of clusters-like objects
in the diffuse galaxy NGC 1052-DF2 using the
Dragonfly Telephoto Array, the Sloan Digital
Sky Survey data, the Gemini Observatory, the
Hubble Space Telescope and the 10 m W. M.
Keck observatory have revealed that the veloc-
ity dispersion of NGC 1052-DF2 is consistent
with its measured stellar mass without dark mat-
ter (van Dokkum et al. 2018a,b). The stellar mass
of this galaxy, estimated at M⋆ ∼ 2 × 108 M⊙,
is consistent with its velocity dispersion, which is
measured at < 10.5 km/s with 90% confidence.
From this it is inferred that NGC 1052-DF2 con-
tains little or no dark matter. This is the first
galaxy that has been observed to lack dark mat-
ter.
We demonstrate that this lack of dark
matter is consistent with the modified grav-
ity theory Scalar-Tensor-Vector-Gravity (STVG),
also known as MOG (Moffat 2006), using pa-
rameter choices that were established in ear-
lier studies of, e.g., spiral galaxies. The the-
ory fits globular clusters (Moffat & Toth 2008),
a large selection of galaxies without dark
matter (Moffat 2006; Moffat & Rahvar 2013;
Moffat & Toth 2015, 2011), as well as galaxy clus-
ters (Moffat & Rahvar 2014; Brownstein & Moffat
2006; Israel & Moffat 2018). It can also ex-
plain cosmology data (Moffat & Toth 2011), and
it is consistent with the recent gravitational
wave and multispectral observation of GW170817
(Green, Moffat & Toth 2018). The detection of a
galaxy with little or no indication of the presence of
dark matter that nonetheless behaves in a manner
consistent with the predictions of MOG strength-
ens the conclusion that dark matter is not de-
tectable in the present universe and that the grav-
itational theory of Newton and Einstein requires
further modification.
2 MOG ACCELERATION
The MOG modified acceleration law for a point
source in weak gravitational fields and low veloci-
ties, derived from the MOG Lagrangian and field
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equations and the test particle equation of motion
is given by (Moffat 2006):
a(r) = −GNM
r2
[1 + α− α exp(−µr)(1 + µr)], (1)
The parameter α can be determined
from (Moffat & Toth 2008):
α∞ = (G∞ −GN )/GN , (2)
where G∞ is the asymptotic limit of G for very
large mass concentrations. This yields
α = α∞
M
(
√
M +E)2
. (3)
Moreover, we have for the parameter µ:
µ =
D√
M
. (4)
Here, D and E are given by (Moffat & Toth 2009):
D = 6.25× 103M⊙1/2 kpc−1, (5)
E = 2.5× 104M⊙1/2. (6)
We choose α∞ = 10. This is consistent with
the best current estimate for the baryonic mass of
the Milky Way, MMWb ∼ 1.7 × 1011 M⊙, which
yields αMW = 8.89, the value used in our earlier
study of Galaxy rotation curves (Moffat & Rahvar
2013; Moffat & Toth 2015).
From (2) and (4) for the mass of NGC 1052-
DF2 ∼ 2 × 108M⊙ and α∞ = 10 we obtain the
values
α = 1.30, µ = 0.443 kpc−1. (7)
3 VELOCITY DISPERSION FOR
SPHERICALLY SYMMETRIC
SYSTEMS
We investigate systems that are characterized by
a two-dimensional Se´rsic profile, parameterized by
the Se´rsic index n, axis ratio b/a and effective ra-
dius along the major axis Re.
To keep the problem tractable without a se-
rious loss of precision, we scale the system to a
spherical Se´rsic profile with index n and effective
radius Re → 12 (1 + b/a)Re. The surface brightness
of such a system is given by
I(R) = I0 exp
(
−β[R/Re]1/n
)
, (8)
where I0 is the surface brightness per unit sur-
face area, whereas1 β ∼ 2n − 1/3 + 4/405m +
46/25515m2+O(m−3) (Ciotti & Bertin 1999). The
integrated luminosity that corresponds to this pro-
file is given by simple integration:
2pi
∫ ∞
0
RI(R) dR = piΓ(1 + 2n)I0β
−2nR2e . (9)
If the total luminosity of the object is known, this
integral can be used to obtain the value of I0.
The surface brightness of a transparent spher-
ically symmetric galaxy with luminosity density
j(r) is given by (Binney & Tremaine 2008):
I(R) = 2
∫ ∞
R
dr
rj(r)√
r2 −R2 . (10)
Thus (Binney & Tremaine 2008),
j(r) = − 1
pi
∫ ∞
r
dR√
R2 − r2
dI
dR
. (11)
If we assume that the mass-to-light ratio of the
galaxy is constant (no dependence on R),
ρ(r) = Υ0j(r), (12)
we can write down formally identical expressions
for the mass and mass density of the galaxy. For
Newtonian gravity, radial acceleration in a spheri-
cally symmetric mass distribution is given by
a(r) = −GN
r2
∫ r
0
4piρ(r′)r′2 dr′, (13)
as any mass density outside r need not be included,
since an inverse-r2 gravity theory satisfies the shell
theorem.
In MOG, the acceleration in a spherically sym-
metric mass distribution can be calculated as
a(r) =−
∫ r
0
dr′
2piGr′
µr2
ρ(r′)
{
2(1 + α)µr′ (14)
+ α(1 + µr)
[
e−µ(r+r
′) − e−µ(r−r′)
]}
−
∫ ∞
r
dr′
2piGr′
µr2
ρ(r′)α
×
{[
1 + µr
]
e−µ(r
′+r) − [1− µr]e−µ(r′−r)}.
The velocity dispersion for a spherical system
1 This truncated approximation is accurate to 10−3 for
n = 0.6, used later in this paper.
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with no velocity anisotropy is given by the Jeans
equation in the form
∂(ρσ2)
∂r
− ρa = 0, (15)
Using lim
r→∞
σ2(r) = 0, we get the solution by
integration:
σ2(r) =
1
ρ(r)
∫ ∞
r
ρ(r′)a(r′) dr′. (16)
To obtain the line-of-sight root-square average of
σ2(r) for a tracer population of N objects charac-
terized by a number density ρN , we calculate
σ2‖ =
4pi
N
∫
ρN (r
′)σ2(r′)r′2 dr′. (17)
4 THE CASE OF NGC 1052-DF2
The ultra-diffuse galaxy NGC 1052-DF2 is mod-
eled using a two-dimensional Se´rsic profile, char-
acterized by n = 0.6, b/a = 0.85, Re = 2.2 kpc
(van Dokkum et al. 2018a). We approximate this
profile using a spherical Se´rsic profile with Re =
2.0 kpc.
Assuming a constant mass-to-light ratio, we
describe the mass profile of NGC 1052-DF2 us-
ing (8) together with (12). The corresponding total
mass, using (9), is
M = piΓ(2.2)Σ0β
−2nR2e. (18)
The stellar mass estimate of NGC 1052-DF2 is
M⋆ = 2 × 108 M⊙, which we take to represent
its baryonic mass M , from which we calculate its
characteristic surface mass density as
Σ0 =
M
piΓ(2.2)β−2nR2e
= 1.25 × 107 M⊙/kpc2.
(19)
The radial mass density given by (11) in conjunc-
tion with (12) can, in fact, be calculated in closed
form using Meijer’s G-function. This closed form
unfortunately is not very useful in further calcu-
lations. The mass density can, however, be closely
approximated as
ρ(r) ∼ 40Σ0
63Re
exp
(
−
[
11r
10Re
]4/3)
, (20)
with the numerically evaluated error not exceeding
10% for R . 7 kpc.
Finally, we represent the tracer population of
10 GCs used in (van Dokkum et al. 2018a,b) by
way of a simple exponential fit, ρN ∝ exp(r2/r20),
with a best fit obtained for r0 = 4.46 kpc. Nu-
merically evaluating (16) and (17) using Newtonian
gravity yields
σ2‖Newton = (2.7 km/s)
2, (21)
whereas for MOG, we obtain
σ2‖MOG = (3.9 km/s)
2. (22)
Both these values agree well with the re-
ported intrinsic velocity dispersion, σintr =
3.2+5.5−3.2 km/s (van Dokkum et al. 2018a). The re-
sults are moderately sensitive to the fitted pa-
rameter r0 characterizing the somewhat arbitrarily
chosen exponential density model. Varying r0 by
±50% yields (2.0 km/s)2 6 σ2‖Newton 6 (3.8 km/s)2
and (2.9 km/s)2 6 σ2‖MOG 6 (5.3 km/s)
2.
5 CONCLUSIONS
Straightforward application of the MOG/STVG
acceleration law, first published in its present form
in 2006 (Moffat 2006), yields a velocity dispersion
for the recently studied ultra-diffuse galaxy NGC
1052-DF2 (van Dokkum et al. 2018a,b) that is in
good agreement with observation. Thus, contrary
to claims that suggested otherwise, the case of
NGC 1052-DF2 does not contradict modified grav-
ity as an alternative to dark matter; and specifi-
cally, it is not in any tension with the predictions
of our MOG/STVG theory. To the contrary, in the
absence of any viable mechanism that would sepa-
rate stellar mass from collisionless dark matter to
reduce the dark matter ratio to acceptable levels,
one has to conclude that NGC 1052-DF2 is a chal-
lenge to the prevailing dark matter paradigm.
This raises the question: What about other
ultra-diffuse galaxies? Galaxies with masses sim-
ilar to that of NGC 1052-DF2 but velocity disper-
sions in excess of 30 km/s, or galaxies that have
velocity dispersions similar to that of NGC 1052-
DF2, but with stellar masses that are more than
an order of magnitude smaller? While we recog-
nize this as a challenge to modified gravity, we also
note that the case of such objects is far from be-
ing settled: that dark matter halos often fare no
better than modified gravity (Casas et al. 2012),
indicating that many of such systems may not be
c© 0000 RAS, MNRAS 000, 000–000
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fully virialized, and, as such, may be poor candi-
dates for testing gravitational dynamics, possibly
due to their history, for instance, encounters with
massive host galaxies of which they are satellites. If
this is indeed the case, NGC 1052-DF2 may repre-
sent one of the exceptions: an ultra-diffuse galaxy
that is free of disruptions, and demonstrates al-
most Newtonian behavior with no indication of
a massive dark component. The accuracy of ve-
locity dispersion measurements has also been re-
cently brought into question (Martin et al. 2018;
Laporte, Agnello & Navarro 2018); the selection of
tracers and other sources of bias and uncertainty
can result in estimates of large dark matter halos
or no dark matter halos at all for the same ultra-
diffuse galaxy.
Notwithstanding the above, we demonstrated
that MOG/STVG reproduces the observed veloc-
ity dispersion of NGC 1052-DF2 with ease, requir-
ing no additional assumptions and no changes in
the theory’s parameterization when compared with
previous studies.
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